Habitat fragmentation represents the single most serious threat to the survival of tropical ecosystems. In formulating strategies to counteract the detrimental effects of fragmentation, knowledge of the levels and patterns of genetic diversity within and between natural populations is vital to the establishment of any conservation programme. We utilized polymorphic chloroplast microsatellite markers to analyse genetic diversity in populations of the endangered tropical tree Caesalpinia echinata Lam. representing the entire extant range of the species. Levels of within-population diversity were low, with only two of seven populations studied displaying any variation. The vast majority of the genetic variation was partitioned between geographical regions (36%) and between populations within regions (55%). These levels of genetic structuring, coupled with a calculated pollen-to-seed flow ratio of ≈ ≈ ≈ ≈ 6.7:1, suggest that there has been little gene flow between the three major geographical regions over an extended period. Thus, the current tripartite distribution of the species is more consistent with the existence of separate glacial refugia, rather than reflecting any anthropogenic effects.
Introduction
Tropical ecosystems have suffered greatly in the last few hundred years as a result of human-mediated overexploitation. Extensive deforestation, in particular, has led to the destruction of vast areas of tropical forest that form the natural habitat of many species, including plants. The resultant fragmentation of natural plant populations can be seriously detrimental to the evolutionary potential of the populations in question as small and/or isolated populations are particularly vulnerable to environmental, demographic and genetic stochastic events. The genetic effects associated with population fragmentation are primarily a consequence of restricted gene flow, inbreeding and drift, and generally result in a decrease in genetic diversity within impacted populations (Young et al . 1996; Keller & Waller 2002) . Such a decrease can compromise the fitness of the population due to a lack of adaptive potential and may ultimately lead to extinction. Consequently, knowledge of the levels and patterns of genetic diversity in fragmented populations is crucial to an understanding of the effects of habitat destruction and for formulating appropriate ameliatory measures.
Molecular genetic methodologies now represent an integral part of many conservation studies (Haig 1998) . In plants, it is now recognized that comparative studies of the nuclear genome, which is biparentally inherited, and organellar (chloroplast and mitochondrial) genomes, which are generally uniparentally inherited, can provide complementary and often contrasting information on the genetic structure of natural populations (Birky 1988; McCauley 1995; Ennos et al . 1999) . In particular, the chloroplast genome, which is haploid and generally transmitted via seed in the majority of angiosperms, is particularly sensitive to the effects of fragmentation because it has a smaller effective population size than the nuclear genome and seed-mediated gene dispersal is usually more limited than pollen-mediated gene flow. The main drawback of using chloroplast-specific markers, however, is the low mutation rates associated with chloroplast genomes which, until relatively recently, have largely limited the amount of cytoplasmic variation detected below the species level (Wolfe et al . 1987) . The discovery of polymorphic mononucleotide repeats in plant chloroplast genomes, which display length variation in the number of repeats analogous to mutation models exhibited by nuclear microsatellites, has offered new opportunities to study cytoplasmic variation with a high degree of resolution (Provan et al . 2001) . To date, the majority of studies utilizing chloroplast microsatellites in tree species have focused on conifers (for review see Provan et al . 2001 ) but there have recently been reports of similar studies in broad-leaved trees (Drummond et al . 2000; Deguilloux et al . 2003; Lian et al . 2003) .
Caesalpinia echinata (Brazilwood) is a tropical tree that occurs only on the Brazilian coast in areas of dry seasonal forest. After the colonization of Brazil by Europeans around 400 years ago, the species was extensively exploited as it provided a widely used red dye, however, since the advent of synthetic dyes, it has primarily been used for the manufacture of high-quality violin bows (Dean 1996; Fauna & Flora International 1997) . Brazilwood is now considered endangered due to its localization in the most densely populated areas of Brazil and the problems of habitat destruction associated with urbanization (BRASIL Portaria no.006/92-N 1992) . It has been highlighted that information on the distribution, genetic variability, population dynamics and reproductive biology of the species is vital for the implementation of effective conservation strategies (Cunha & Lima 1992; Carvalho 1994) but to date, the only published study utilizing molecular markers employed randomly amplified polymorphic DNA (RAPD) to study populations from two of the three main areas of C. echinata 's distribution range (Cardoso et al . 1998) . To obtain more detailed information on the effects of habitat fragmentation on C. echinata , we utilized polymorphic chloroplast microsatellites to analyse levels and patterns of diversity in populations from all three areas representing the entire range of the species.
Materials and methods

Sampling and DNA extraction
Leaf samples were obtained from seven natural populations of Caesalpinina echinata representing the three main regions comprising the range of the species (Fig. 1) . The first region is represented by Cabo Frio, Saquarema and Guaratiba, the second by Aracruz and Eunápolis and the third by Mamanguape and Mata da Estrela. Between 3 and 29 individuals were analysed for each population (Table 1) based on sample size and the availability of trees at least 5 m apart (although the majority of samples were much more than 5 m apart), at least 6 m in height and with a diameter at breast height of 3 cm. Plant material was stored in silica gel before DNA extraction. DNA was extracted from individual plants using the modified mixed alkyltrimethylammonium bromide (MATAB) method described by Cardoso et al . (1998) and the DNA content of samples was estimated by comparison with λ DNA standards. 
Chloroplast microsatellite primers
Seven primer pairs were used to analyse chloroplast microsatellite variation. Four of these were the universal angiosperm chloroplast microsatellite primers ccmp3 , ccmp6 , ccmp7 and ccmp10 described by Weising & Gardner (1999) . The other three were species-specific primer pairs designed by sequencing the trn D(GUC)-trn T(GGU) and the trn S(GGA)-trn T(UGU) regions of the C. echinata chloroplast genome amplified using the universal chloroplast primers of Demesure et al . (1995) and are given in Table 2 . Polymerase chain reaction (PCR) was carried out in a total volume of 25 µ L containing 100 ng genomic DNA, 5 pmol forward primer, 5 pmol reverse primer, 1 × PCR buffer (5 m m TrisHCl pH 9.1, 1.6 m m [NH 4 ] 2 SO 4 , 15 µ g/mL BSA), 2.5 m m MgCl 2 and 0.5 U Taq DNA polymerase (Genetix). Reactions were carried out on a MWG Primus thermal cycler using the following parameters: initial denaturation at 94 ° C for 3 min followed by 35 cycles of denaturation at 94 ° C for 1 min, annealing at 50 ° C for 1 min, extension at 72 ° C for 2 min and a final extension at 72 ° C for 5 min. Products were purified (QIAquick: Qiagen) and sequenced commercially, and primers were designed using primer Version 5.0 to amplify the three mononucleotide repeats of seven or more nucleotides which were found.
Chloroplast microsatellite genotyping
All reactions were carried out on a PTC-100 Programmable Thermal Controller thermal cycler (MJ Research Inc.) using the following parameters: initial denaturation at 94 ° C for 3 min followed by 45 cycles of denaturation at 94 ° C for 30 s, annealing at 54 ° C for 30 s, extension at 72 ° C for 60 s and a final extension at 72 ° C for 5 min. PCR was carried out in a total volume of 10 µ L containing 50 ng genomic DNA, 10 pmol each primer, 1 × PCR buffer (10 m m TrisHCl pH 8.0, 50 m m KCl, 1.5 m m MgCl 2 ), 200 m m dNTPs and 1 U Taq DNA polymerase (Invitrogen). Products were resolved on 6% denaturing polyacrylamide gels (40 cm) containing 1 × TBE and 7 m urea after addition of 10 µ L of 95% formamide loading buffer. Gels were run at 70 W constant power for 2 h and visualized using either silver staining or autoradiography. Where autoradiography was used, the forward primer was labelled using 32 P. Silver staining was carried out using standard protocols. In all cases, previously analysed samples were included as size controls.
Data analysis
At each locus, the smallest allele was designated as 0 and other allele sizes were assigned based on their size in base pairs relative to the smallest allele. Multilocus haplotypes were generated by combining information from the seven polymorphic loci. Diversity values based on haplotype frequencies were calculated using Nei's index (Nei 1987) . Genetic differentiation between regions and between populations within regions was calculated within the analysis of molecular variance ( amova ) framework (Excoffier et al . 1992 ). All the above analyses were carried out using arlequin Version 2.0 (Schneider et al . 2000) . Genetic relationships between chloroplast simple sequence repeat (cpSSR) haplotypes were estimated using two different distance metrics. The absolute size difference (D AD ) metric is applicable to a stepwise mutation model (SMM) whereas the proportion of shared alleles (D PS ) is independent of the mutational mechanism. Genetic distances between haplotypes were calculated using the microsat program and neighbour-joining trees constructed using the neighbour program from the phylip package (Version 3.57c; Felsenstein 1995) and visualized using treeview Version 1.6.6 (Page 1996) . Data were bootstrapped 1000 times to estimate the reliability of nodes in the trees.
To calculate the ratio of pollen flow to seed flow, the following formula from Ennos (1994) was applied:
where Φ SC (B) and Φ SC (M) are levels of population differentiation calculated from biparentally and maternally inherited markers, respectively. 
Results
Levels of within-and between-population diversity
Between two and four alleles were found at each of the polymorphic chloroplast microsatellite loci which were combined to give a total of eight haplotypes, designated I-VIII (Table 3 ). In general, haplotypes displayed a high degree of geographical localization, with only haplotype VII being found in more than one population (Mamanguape and Mata da Estrela; Table 1 ). Furthermore, the majority of populations were fixed for a single haplotype: only the Eunápolis and Mata da Estrela populations displayed two haplotypes and thus were the only populations that displayed a diversity value different from zero (0.385 and 0.209, respectively).
The amova (Table 4) highlighted the high levels of genetic differentiation between regions (36.09% of the total variation; Φ CT = 0.3609) and between populations within regions (54.97%; Φ SC = 0.8602). Only 8.94% (Φ ST = 0.9106) of the total variation existed within individual populations. Using these figures and the corresponding figure (Φ SC = 0.4130) for nuclear markers reported by Cardoso et al. (1998) , the ratio of pollen flow to seed flow was calculated as 6.7:1. Results from an unpublished AFLP study (S.R.S. Cardoso, unpublished results) gave a ratio of 6.3:1.
Genetic relationships between populations
The neighbour-joining trees generated using both the D AD (mutation model dependent) and the D PS (mutation model independent) metrics were largely congruent (Fig. 2) . The only discrepancy was in the position of the Saquarema and Cabo Frio populations relative to the Guaratiba population. In each case, there was generally strong bootstrap support for the three main geographical regions [(Mamanguape, Mata da Estrala) (Saquarema, Cabo Frio, Guaratiba) (Eunápolis, Aracruz)], further confirming their genetic distinctness and isolation.
Discussion
The dispersal capabilities of both pollen and seed play a major role in the evolutionary potential of natural plant populations that have been impacted by fragmentation. Previous studies using molecular genetic markers to study the effects of habitat fragmentation in plants have generally reported a decrease in levels of within-population genetic diversity in a range of plant species from tropical trees (Gillies et al. 1999; Obayashi et al. 2002) to shrubs (Lienert et al. 2002) and mosses (Wilson & Provan 2003) . This can be attributed to the effects of genetic drift in situations where interpopulation gene flow is limited but, despite this, there have been cases reported where long-distance pollen flow can potentially counteract the effects of fragmentation (Chung & Kang 1994; White et al. 2002) . This highlights the value of elucidating the relative roles of seed-and pollen-mediated gene flow, which can be assessed by comparing levels of population differentiation based on biparentally transmitted nuclear markers and uniparentally transmitted cytoplasmic markers. Chloroplast microsatellites have proved a useful tool in assessing levels and patterns of cytoplasmic variation in Caesalpinina echinata. The average number of alleles exhibited per locus (3.28) is comparable with those found in natural populations of other angiosperms such as Alyssum bertolonii (4.8; Mengoni et al. 2003) , oak (2.33; Deguilloux et al. 2003) , Salix reinii (3.2; Lian et al. 2003), soybean (3.84; Xu et al. 2002) , Silene paradoxa (2.8; Mengoni et al. 2001) and heather (2.67; P.J. Wilson & J. Provan, unpublished results) . The very low levels of intrapopulation genetic diversity (five of the seven populations were monomorphic) coupled with the high levels of population differentiation (Φ ST = 0.91) suggest very low levels of seed-mediated gene flow between populations over an extended period. It is unlikely that sampling of maternally related individuals was responsible for low levels of within-population diversity as the majority of trees sampled were well over the minimum 5 m apart. Population isolation is further confirmed by the neighbour-joining trees depicting the genetic relationships between the populations studied, which exhibit three monophyletic groups corresponding to the three major geographical regions. The trees based on both the absolute size difference (D AD ) and the proportion of shared alleles (D PS ) metrics are largely congruent, differing only in the relative positions of the Saquarema and Cabo Frio populations. The D AD metric is based on the differences in size between alleles and thus assumes a stepwise mutation model operating at the microsatellite loci under study. Our analysis included data derived from both C. echinata-specific primers and 'universal' chloroplast microsatellite primers. It is believed that as a result of nonconservation of homologous repeat loci at higher taxonomic levels (i.e. generally above the family level for chloroplast microsatellites), observed differences in allele sizes in species other than that for which the primers were originally designed tend to be a result of insertion/deletion events outwith the repeat region (Provan et al. 2001) . Previous studies using the universal primers of Weising & Gardner (1999) have reported nonconservation of repeats and/or nonmicrosatellite variation (e.g. Grivet & Petit 2002; Rendell & Ennos 2002) , although a few studies have confirmed microsatellite variation (e.g. Palmé & Vendramin 2002) . Sequencing of the products generated using the universal primers on C. echinata revealed very little conservation of mononucleotide repeats and the variation was due to other short indels (data not shown). Because the positions of Cabo Frio and Saquarema in the tree may be due to the 9 bp indel at locus ccmp3, it is likely that the D PS tree more accurately reflects the true positions of these populations since this metric does not assume a stepwise mutation model.
Using the values for population subdivision obtained in this study along with comparable values for nuclear markers from previous studies on the same populations obtained using RAPDs (Cardoso et al. 1998 ) and amplified fragment length polymorphisms (AFLPs) (S.R.S. Cardoso, unpublished results), the ratio of pollen flow to seed flow in C. echinata was calculated as 6.7:1 (RAPDs) and 6.3:1 (AFLPs). Using RAPDs and AFLPs to calculate Φ-statistics for biparental markers will create a slight bias relative to a value calculated from codominant markers but this will not greatly affect the overall ratio (Holsinger et al. 2002) . These values are at the lower end of the range of values presented by Squirrell et al. (2001) , where pollen-to-seed flow ratios for tree species ranged from 2.5 in Argania spinosa, which is insect pollinated and has animaldispersed seeds, to over 600 in Fagus crenata, which is wind pollinated. The pollination system of C. echinata is not known in any great detail, but other species within the genus are known to be pollinated by carpenter bees (Lewis & Gibbs 1999) . This would be consistent with a low pollento-seed flow ratio as C. echinata seeds are gravity dispersed. Although the seeds are released explosively from the pod, the majority remain within 4 -5 m of the mother tree due to the lack of secondary dispersal mechanisms via animals and/or birds. The pollen-to-seed flow ratio calculated from values published for Eucalyptus nitens (Moran 1992; Byrne & Moran 1994) , another insect-pollinated tree with gravity dispersed seed, is of the same order of magnitude (≈ 2:1), further confirming the likely pollination mechanism.
As mentioned previously, the high levels of differentiation between the three major geographical regions of the range of C. echinata are consistent with long-term genetic isolation. Such a high degree of isolation would suggest that the populations have been separated from each other for longer than the timescales associated with the effects of human-mediated fragmentation. Several episodes of glaciation are known to have occurred in the region between 2 and 4 Myr bp and it is possible that the present-day tripartite distribution of the species reflects the existence of separate glacial refugia. Despite periods of expansion and contraction, C. echinata has survived only in dry patches separated by areas of humid forest and thus fragments have remained isolated (Cunha & Lima 1992) . Also, the low levels of diversity and high genetic differentiation associated with extant fragments, even within regions, suggests that genetic drift has played a major role in shaping postglacial population variation. In this respect, and taking into account the extremely low levels of both seedand pollen-mediated gene flow between the three regions, it is important that the genetic distinctness of each region, and possibly each population, is taken into account when conservation strategies are being formulated.
